at V2+V3+V4+V5+V6+V7. The some morphological characteristics of the two maize genotypes changed in response to TE treatment. From stage V4 onwards, maize plant height showed signs of sensitivity to the growth retardant. Plants in T8 (TE applied over V2 to V7) were more sensitive to TE with over 45% reduction in plant height compared with application T7 (applied from V2 to V6). This response was similar in both maize genotypes, thus indicating that plants are highly sensitive to TE after the V6 stage.
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PHENOLOGICAL SENSITIVITY OF TWO MAIZE CULTIVARS TO TRINEXAPAC-ETHYL

Sensibilidade Fenológica de Dois Cultivares de Milho a Trinexapac-Ethyl
ABSTRACT -In Brazilian agriculture there are few reports on trinexapac-ethyl (TE) effects on maize plant lodging management. This study aimed to evaluate the effects of sequential application of TE sprayed on different plant growth stages of maize using the simple hybrid P30F53HR and the variety SCS 154 Fortuna. Experiments were carried out in a greenhouse in the 2013 and 2014 harvests. Plants were grown singly in 5L pots filled with 75% soil and 25% substrate. The experimental design was a randomized complete block with four replications. The following treatments were performed: (T1) control (no application of growth retardant); (T2) application at V2 (100 g a.i. ha at V2+V3+V4+V5+V6+V7. The some morphological characteristics of the two maize genotypes changed in response to TE treatment. From stage V4 onwards, maize plant height showed signs of sensitivity to the growth retardant. Plants in T8 (TE applied over V2 to V7) were more sensitive to TE with over 45% reduction in plant height compared with application T7 (applied from V2 to V6). This response was similar in both maize genotypes, thus indicating that plants are highly sensitive to TE after the V6 stage.
Keywords: Zea mays L., growth regulator, morphological characteristics. 5 L, preenchidos com 75% de solo e 25% de substrato comercial, com uma 
RESUMO -Na cultura do milho há poucos relatos sobre o uso de trinexapac-ethyl (TE) visando o manejo do acamamento de plantas. Este estudo teve por objetivo avaliar diferentes doses sequenciais de TE aplicadas em diferentes estádios fenológicos da planta de milho, utilizando o híbrido simples P30F53HR e a variedade SCS 154 Fortuna. Os experimentos foram realizados em casa de vegetação em dois anos de cultivo: 2013 e 2014. Foram empregados vasos com capacidade para
INTRODUCTION
Maize is the most frequently cultivated cereal in the world, with production exceeding 900 million tons grown on 175 million hectares. In the 2012/2013 the average grain yield in the world was 5.19 ton ha -1 (FAO, 2014) . Over the last five growing season, the average world consumption of maize increased by 12%, representing an increase of 93 million tons in absolute terms (FAO, 2014) . Brazil produced 72 million tons of maize in the 2010/2011 growing season and the 82 million tons in the 2012/2013 growing season, showing an increasing around 3 million tons of maize per yiear (Conab, 2015) . Currently, the average agricultural grain yield of maize in Brazil is 5.07 ton ha -1 (Conab, 2015) .
Increasing productivity is a constant challenge for the maize production chain, and higher levels can be achieved when some management practices are changed. One of the most important practices used for achieving higher agricultural grain yield is to make changes in the spatial arrangement of plants (Almeida et al., 2000) . In this regard, population density has the biggest effect on maize grain yield, because small changes in population density produce relatively large changes in crop yield. For example, grain yields higher than 18 ton ha -1 were obtained with densities greater than 9 pl m -2 , but only in experimental conditions (Assis et al., 2006; Silva et al., 2006; Sangoi et al., 2015) .
Maize is one of the most efficient species in converting solar radiation into phytomass (Sangoi et al., 2013) . Providing a plant crop community with maximum incident radiation can be a useful strategy to increase grain yield. Conceptually, optimum use of solar radiation is achieved with the adoption of high plant densities (7-9 pl m -2 ) and reduced row spacing (45-50 cm) in order to capture maximum incident radiation and maintain this maximum constant over a long period of time (Sangoi et al., 2013) .
The use of high plant densities (higher than 9 pl m -2 ) in maize crops is limited because crops tend to become susceptible to lodging, and etiolation and self-shading among the leaves increases. The use of maize cultivars with shorter plant height and associated smaller and more erect leaves can minimize such problems (Gong et al., 2015) . However, currently this plant ideotype is not predominant among those available to farmers. Therefore, the adoption of other management techniques, such as the use of growth regulators, is necessary.
Plant growth regulators affect plant physiology in order to alter features of leaf architecture and reduce stem height in order to facilitate cultivation, reduce propensity to lodging, maximize absorption of solar radiation and, thus, increase grain yield. The use of high plant densities in maize cultivation is based on management strategies that allow a plant stand to achieve an agricultural grain yield of over 12 ton ha -1 . These strategies include the increase use of inputs such as fertilizers, particularly nitrogen, and pest and disease control (Sangoi et al., 2015) , and, more recently, the possible use of growth regulators (Zhang et al., 2014) .
Studies conducted with wheat crops have demonstrated the ability to decrease plant height by using growth regulators, particularly trinexapac-ethyl (TE). This regulator acts on plants by reducing cell elongation in the vegetative stage and temporarily blocking the biosynthesis of gibberellic acid (Heckman et al., 2002) , thereby sharply increasing its immediate biosynthetic precursor gibberellin 20-oxidase (GA20) (Davies, 1987) . The probable cause of plant growth inhibition by application of TE is the decrease in the level of active gibberellic acid GA1 engaged in the elongation of internodes (Weiler and Adams, 1991) .
The TE treatments have been stressed as effective technique in reducing plant height and improving leaf architecture of wheat (Zagonel and Fernandes, 2007) . The likely cause for excessive growth in height of maize plants may be associated with a high concentration of gibberellic acid at the time of stem elongation. But the possibility of using growth retardants in maize crops is still incipient (Zagonel and Ferreira, 2013; Zhang et al., 2014) and there is a lack of basic information about the behavior of vegetative structures of maize plants after application of TE. Stem length, particularly internode length, is the main target of manure due use of TE for becoming shorter plants and, possibly make them more tolerant to lodging.
To gather further information on the response of maize plants to the use of trinexapac-ethyl (TE), this study aimed to evaluate the effects of sequential application of TE applied at different 3 growth stages on morphological characteristics and biological yield in two maize genotypes contrasting in genetic variability have different yield potential: a simple hybrid and other an open-pollinated variety. Two maize genotypes were used: the early-maturing simple hybrid P30F53HR developed by the company Pioneer, which is characterized by having plants whose height and ear insertion were 260 and 110 cm, respectively; among hybrids cropped and commercialized in Santa Catarina state the P30F53HR has been one of the most cultivated in the last ten crop seasons with grain yield potential higher than 12 ton ha -1 . The other genotype are an early-maturing open-pollinated variety (OPV) SCS 154 Fortuna developed by EPAGRI, whose average plant height was 230 cm and ear insertion was 120 cm, and which is adapted to the west and north mesoregions of the Santa Catarina plateau and seasons with grain yield potential around 6 ton ha -1 (Grupo Cultivar de Publicações, 2012); This genotype is extensive cultivation among farmers family based in Santa Cataina. In this sense it was performed the choice of two contrasting genotypes for our experiments. Seeds were sown in 5 L plastic pots measuring 23 cm in diameter and 23 cm in height and filled with 25% substrate (AgroCerro) and 75% soil classified as a Haplumbrept.
MATERIAL AND METHODS
Two
The mixture substrate+soil was chemically analyzed. The initial analysis of the mixture showed 51.0% clay content, organic matter 3.0%, soil CEC at pH 7.0, 18.2 cmol c dm The experimental design was a randomized block with eight treatments and four replications. Four seeds were sown in each pot, and the plants were thinned when they were at the V3 stage, according to the scale of Ritchie et al. (1993) . Only one plant was kept per pot, and the position of the pots was changed on the bench every 15 days. The greenhouse environments were composed by natural lighting and internal air temperature controlled to 25±10 o C and relative humidity ranged 60 to 80%. The external daily solar radiation and temperature are showed at Figure 1 . Each cultivar consisted of one experiment and was analyzed separately because of the tendency to get more accurate management information when the use of agricultural inputs for maize cultivation is associated with specific recommendations per cultivar, for example seeding rate.
The growth regulator trinexapac-ethyl -TE (Moddus®) was applied to the plants between the growth stages V2 and V7 (i.e., two to seven fully expanded leaves) with the following sequential applications according to phenological stage: (T1) control (no regulator application); (T2) application at V2 (100 g a.i. ha , and (T8) sequential application at 100 g a.i. ha were used. During application, the spray was directed to the whorl of each plant.
When the plants reached the silking stage, the following variables were assessed: (i) plant height, from the ground to the base of the blade of the last leaf; (ii) ear insertion height, from the ground to the base of the leaf blade of the index leaf (height in both i and ii was performed with a measuring tape); (iii) stem diameter was evaluated on the second internode above the ground 4 with a digital caliper; (iv) the number of fully grown leaves on plants was determined by direct counting; (v) biological yield per plant was measured after drying in a forced air oven at 60 o C until constant weight and (vi) the time to tasseling, the number of days until tasseling date. The assay of first season was seeded at August 18, 2013 and harvested at December 19, 2013 e the second season was seeded at October 1, 2014 e harvested at February 2, 2015.
Data were subjected to analysis of variance using the F test at 5% level of probability. When significant, the means were compared by the Scott-Knott test (p<0.05). The analyses were performed with the aid of SISVAR® software (Ferreira, 2011) .
RESULTS AND DISCUSSION
For the hybrid P30F53HR, the variables plant height, ear insertion height, time to male flowering and biological yield were the parameters that showed interactions between the year of assessment and the different TE treatments (Table 1) . In the open-pollinated cultivar SCS 154 Fortuna, variables that showed interaction between year and the treatments were time to tasseling and biological yield (Table 1) . 
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The greatest height reductions were observed in the T8 treatment for the hybrid P30F53HR; the second year of evaluation showed lower values in plant height compared with the first year ( Table 2 ). The highest reductions in plant height and ear insertion in both years of evaluation occurred when the maize plants continued to be treated with the growth regulator, mainly in treatments T7 and T8 for the hybrid P30F53HR. These reductions were 49 % and 47% in 2013 and 2014, respectively, compared with treatment T1 (control). For the open-pollinated variety SCS 154 Fortuna, the results were similar to those observed in the hybrid, with reduction were 45.7%, compared with treatment T1 (control) ( Table 3 ). There was a reduction by approximately 52 and 44% in the ear insertion height in T8 when compared to treatment T1 (control) in hybrid P30F53HR and in the OPV SCS 154 Fortuna, respectively (Table 3) .
A comparison of plant heights between treatments T4 and T5 for the hybrid P30F53HR showed that plants which received the same amount of TE (300 g a.i. ha -1 TE) applied at the phenological stage V4, but applied in a sequential manner in T4 and as a single rate in T5, differed, with a reduction occurring only in T5 in the second year of assessment (a difference of 17.7 cm in T5 compared to T4; Table 2 ). For plant ear height, T5 also showed a greater reduction than T4 (a difference of 15.2 cm; Table 2 ). These results indicate that the treatment T5 in the second year (2014) was the most responsive in reducing plant height and ear insertion height, and that better results can be obtained with a single application of 300 g a.i. ha -1 at V4 than its division among three successive applications of 100 g a.i. ha -1 at V2, V3 and V4 (T4).
For the SCS 154 Fortuna, the results were similar to those observed for the hybrid, and the means of treatments T4 and T5, in both growing seasons, showed a lower height for T5 plants (difference of 22.5 cm) compared to the T4 plants (Table 3 ). For T3, only for the SCS 154 Fortuna was there was a modest reduction in plant height (20 cm) compared to the control (Table 3) . This result can be explained by a likely hormonal imbalance caused by the application of TE (200 g a.i. ha -1 ) at the V3 growth stage. For this vegetative plant stage endogenous gibberellin levels are low compared with vegetative stages V5 and later. The V5 stage is characterized by the initiation of cell elongation. Gibberellins are known to play a key role in the establishment of elongation and the maintenance of plant stem growth (Perez-Perez, 2007) . Because of this possible hormonal adjustment, TE application prior to V4, can lead to the adverse effect of increased plant height in T3. However, the same behavior was not observed in this cultivar in the second harvest, nor was it observed in the hybrid P30F53HR in either growing seasons.
In the simple hybrid, the application of an extra 100 g a.i. ha -1 in V7, compared to the V6 stage, reduced plant height by 41.5 cm and 24.2 cm in the first and second years of the experiment, (1) T1 control (0); (T2) V2 100 g a.i. ha -1 ; (T3) 100 g a.i. ha -1 at V2 + V3; (T4) 100 g a.i. ha -1 at V2 + V3 + V4; (T5) 300 g a.i. ha -1 at V4; (T6) 100 g a.i. ha -1 at V2 + V3 + V4 +V5; (T7) 100 g a.i. ha -1 at V2 + V3 + V4 + V5 +V6; (T8) 100 g a.i. ha -1 at V2 + V3 + V4 + V5 + V6 + V7. Different lowercase letters in the column differ according to the Scott-Knott test (p<0.05).
respectively (Table 2) ; for the open-pollinated variety, this difference was 31.8 cm (Table 3) . These results show that there is greater sensitivity to TE at the stage when maize plants have six fully developed leaves and later. But this response was achieved by sequential applications of 100 g a.i. ha With the application of six growth retardants in six maize hybrids, Souza et al. (2012) showed that the smallest plant height was found with the application of the growth retardant mepiquat chloride, and the hybrid P30F53 showed the smallest height. In another study, for the maize hybrids Status TL and Maximus TLTG, applications at stages V2, V4, V6 and V8 and doses of 0.0, 187.5, 375.0 and 562.5 g a.i. ha -1 of TE did not result in changes in plant height (Zagonel and Ferreira, 2013) .
In a study on the grass Agrotis stolonifera, the application of TE that led to the greatest reduction in the growth consisted of reapplications of the product based on thermal time accumulation. It was more effective when reapplications occurred every 200 degree days, compared to 400 and 800 degree days or regular intervals of four weeks at the rate of 50 g a.i. ha -1 of TE (Kreuser and Soldat, 2011) .
In Brazilian climatic conditions, the estimated phyllochron for maize is from 44.3 to 34.4 o C day -1 leaf -1 (Martins et al., 2012) . The present research showed that maize satisfactorily responded to sequential rates of 100 g a.i. ha -1 as its phyllochron progressed in both genotypes. Plants that received sequential applications from V2 to V7 had lower height compared with those that received sequential applications from V2 to V6 (see plant height for T7 vs. T8; Tables 2 and 3 ).
The reduction in plant height by using TE is possible because this product acts on plants by reducing cell elongation. In this case, TE was applied directly in order to inhibit the elongation of internodes of the plant stem. Such inhibition of internode elongation is due to the obstruction of biosynthesis of active gibberellic acid (GA1) by inhibiting the enzyme GA20 3 beta-hydroxylase (Nakayama et al., 1990) . Thus, plant growth inhibition is due to reduction in cell elongation only, but not in cell division (Ervin et al., 2002) . These results are supported by the absence of change in the number of leaves and internodes, in both genotypes (Table 1) .
The growth and development of plants are regulated by endogenous and environmental factors (Santos and Vieira, 2005) . Endogenous factors are controlled at the cellular and molecular level, as well as by plant hormones whose function is to maintain the organism as a whole. The ecological importance of plant hormones lies in the transducing substance because it follows the perception of environmental stimuli and, thus, all plant points are informed of the status of other parts by synthesis or changes in concentration of one or more phytohormones.
In the second season of evaluation, application of TE reduced ear insertion height for hybrid P30F53HR (Table 2 ), the TE treatment that has accumulated 600 g a.i. ha -1 and the control (T1 x T8) were more shorter than the control in 65.8 cm ( Table 2 ). The lowest values were found among the treatments T5, T7, and T8 of the simple hybrid and only T8 of the SCS 154 Fortuna in the second year of the experiment. Sangoi et al. (2002) pointed out that plants with lower plant height and ear insertion height would be more advantageous agronomically because they allow a more balanced center of gravity and a lower level of lodging and stem breakage, thus favoring nutrient absorption for crop production.
In general, stem diameter in the first year of assessment was higher than that observed at second year in both genotypes (Table 4) . But among of treatments, the results showed that the largest stem diameters were consistently found in treatments T5, T7 and T8 for the simple hybrid, and in treatment T8 for the open-pollinated variety which had an increase of approximately 6 mm compared to the control. In a study applying TE on distinct wheat cultivars, the stem diameter decreased in cv. Abalone and increased in cv. RBS Guaramirim (Nardino et al., 2013) . This is evidence that the cultivars responded differently to the use of the growth retardant TE. Another experiment led to the similar conclusion about the effect of TE on stem diameter of wheat plants depends on the cultivar, crop management, and weather conditions (Penckowski et al., 2009 ).
Biological yield of maize plants had the lowest values in the first year assessment for the T6, T7, and T8 treatments of the simple hybrid, and in treatment T7 of SCS 154 Fortuna, and there was no difference among treatments when compared to the second year. However, the second year of evaluation had lower biological yield values than the first year (Table 2) . Agricultural maize grain yield can be defined as the product of biological yield and the harvest index. The harvest index, which is the fraction of grains produced compared with the total dry matter of the plant, can be used in the evaluation of the performance of genotypes under different climatic conditions (Donald and Hamblin, 1976) . The harvest index can also identify the ability of a genotype to combine high total production capacity and allocate the accumulated dry matter components of economic interest. In maize, the maximum harvest index is approximately 0.52. Thus, kernel yield is related to morphological and physiological characteristics of the plant according to the different genotypes, however, smaller plants and early-maturing plants result in the highest rates of partitioning, as long as climatic and nutritional requirements are met (Durães et al., 1993) .
The number of fully expanded leaves did not change with the use of the regulator on both genotypes (Table 1) . However, there were a higher number of leaves for the two genotypes in the second than in the first year of assessment (Table 4 ). The probable cause for the plant height was more shorter with respectively lower number of leaves per plant, in second season are due average maximum and minimum temperature when values were 21.6 and 11.1 o C in the first compared to 25.3 and 14.0 o C in the second season, and sum of the incidence of solar radiation was 702.5 h in first and 722.5 h in the second season (Figure 1) . Pricinotto et al. (2014) studied the effect of TE on the simple maize hybrid Status Viptera at different rates and at different growth stages, and found no significant differences between treatments for the number of leaves per plant, as was found in the present study.
The highest rate of TE delayed flowering for the hybrid P30F53HR and the cultivar SCS 154 Fortuna by 2 and 4 days, respectively, in the experiment in 2013 (Table 1) , and by 4 and 7 days, respectively, in the second year of assessment (Table 2) . Delay in flowering was also found for the rice cultivar IRGA 422 CL submitted to different rates of TE at three different times, in a manner dependent on the rate of TE. For example, at 150 g a.i. ha -1 of TE flowering was delayed by 16 days, with a consequent increase in length of the total plant cycle (Estevo, 2013) . Reduced growth due to reduced cell elongation with consequent lengthening of the growing season are consequences of using TE, as observed in Meyer Zoysia grass (Zoysia japonica) (Ervin et al., 2002) . Plant growth inhibition is only due to the reduction of cell elongation and not to cell division because TE leads to a low level of GA1 as a result of the sharp decrease in the enzyme GA20 3 beta-hydroxylase (Adams et al., 1992; Ervin et al., 2002) .
This research has shown promising results for a decrease in the height of maize plants in order to reduce the occurrence of plant lodging and stem breakage in this crop. However, more studies are needed and are being conducted to validate these results in field conditions by adjusting the parameters of rate and time of application so as to offer technical advice to farmers.
In conclusion, the application of trinexapac-ethyl (TE) leads to a potential reduction of final height of maize plants by 45%. Sequential applications of 100 g a.i. TE ha -1 among stages V2 to V7 (T8) were more effective at reducing plant height than applications among V2 and V6 (T7) consistently for both maize genotypes contrasting in genetic variability. Thus, it can be inferred that there is greater sensitivity to TE from stage V6 onwards. Increased sequential application of the TE result in a decrease in plant height, ear height and biological maize crop yield.
